Abstract-We present a low power multi-modal patch designed for measuring activity, altitude (based on high-resolution barometric pressure), a single-lead electrocardiogram, and a tri-axial seismocardiogram (SCG). Enabled by a novel embedded systems design methodology, this patch offers a powerful means of monitoring the physiology for both patients with chronic cardiovascular diseases, and the general population interested in personal health and fitness measures. Specifically, to the best of our knowledge, this patch represents the first demonstration of combined activity, environmental context, and hemodynamics monitoring, all on the same hardware, capable of operating for longer than 48 hours at a time with continuous recording. The three-channels of SCG and one-lead ECG are all sampled at 500 Hz with high signal-to-noise ratio, the pressure sensor is sampled at 10 Hz, and all signals are stored to a microSD card with an average current consumption of less than 2 mA from a 3.7 V coin cell (LIR2450) battery. In addition to electronic characterization, proof-of-concept exercise recovery studies were performed with this patch, suggesting the ability to discriminate between hemodynamic and electrophysiology response to light, moderate, and heavy exercise.
. Overview of key cardiovascular (1), activity/posture (2) , and activity-contextualized hemodynamics (3) parameters that can be measured by the sensing suite described in this paper. These parameters can be useful for home monitoring of patients with chronic cardiovascular diseases or conditions (such as heart failure), as well as for the general population to assess personal health and fitness more accurately. the 1960s by Bozhenko, et al. [9] , represents the vibrations of the chest wall in response to the movement of tissue and blood, the displacement of the heart within the chest, and the coupling of acoustic energy from the valve closures into the ribcage and skin. Recently, several researchers have developed wearable systems for measuring SCG signals during normal activities of daily living using micromachined (MEMS) accelerometers, including a wearable vest for SCG measurement in the field and during sleep [10] , [11] , a flexible patch with SCG and electrocardiogram (ECG) measurement capability for use on the torso skin [12] , and-though presented as a tool for measuring the ballistocardiogram (BCG) signal-similar approaches were demonstrated for measuring cardiogenic vibrations at the ear [13] and using sensors in Google Glass [14] .
In contrast to the ECG, which measures cardiac electrophysiology, SCG offers a unique opportunity to assess the mechanical aspects of cardiovascular health unobtrusively, and warrants further exploration as a tool for potentially monitoring chronic cardiovascular diseases, such as heart failure (HF), at home. Studies have demonstrated that monitoring hemodynamics for HF patients can allow early detection of worsening symptoms prior to an exacerbation [15] ; however, currently there is no viable solution for non-invasive hemodynamic sensing in the home setting for HF patients. SCG signals from one subject with the device attached to the sternum. (c) cUSM's cyclic executive operating system. In contrast to traditional approaches where timing is determined by the microcontroller, the sensor (or sensor ADC) determines the timing of the cUSM system. Writing to microSD, which is an infrequent event, is identical in both cases and is not shown.
The SCG signal was first shown to be useful in enhancing the diagnostic capability of exercise stress testing for coronary artery disease (CAD) in 1992 [16] , and then subsequently demonstrated as capable of evaluating exercise capacity for sports medicine [17] . Furthermore, the results of a large multicenter study demonstrated that combining SCG and ECG signals improved the predictive accuracy of detecting CAD compared to using ECG alone [18] . A wearable patch with SCG sensing for wearable hemodynamic monitoring may thus fill this important technological gap for home HF monitoring. Additionally, reduced weekly activity levels for HF patients have been shown to be a strong predictor of death [19] . An important advantage for SCG measurement is that the sensor used for its measurement-the accelerometer-also provides information on posture [20] and activity [21] ; this information can thus be leveraged to enrich the assessment of the hemodynamics by not only analyzing hemodynamic parameters at rest, but also in response to changes in posture [11] and/or activity [22] (see Fig. 1 ). Such changes may portend HF exacerbations earlier than SCG signal changes observed at rest. This paper describes the design of a miniature, low power system for SCG measurement that also adds another aspect of activity context to further expand on the physiological interpretations that can be made: high-resolution barometric pressure for altitude computation. This pressure sensor will allow the detection of stair or hill climbing [23] , providing a greater context for interpreting the hemodynamic data. In fact, to the best of our knowledge, this design represents the lowest power consumption of any combined hemodynamic and activity recording hardware available, with other wearable BCG and SCG systems consuming 20 mA average current at 3.0-3. 6 (e.g., [12] , [13] ). This low power consumption-which would normally require an application specific integrated circuit (ASIC)-is achieved using commercially available parts by employing a novel design methodology for embedded systems interfacing to multiple digital and analog sensors for wearable health measurements. Consequently, it is customizable and reconfigurable, making it an appropriate tool for conducting iterative clinical and human subjects studies. We refer to this novel architecture as cUSM: Customized Universal Sensing Module. While in this work we used this architecture specifically for engineering a lower power SCG measurement system with enhanced ambient sensing capabilities, this architecture can also apply to multiple other sensing problems.
II. SYSTEM ARCHITECTURE AND SPECIFICATIONS
Briefly, the cUSM consists of a microcontroller, digital and/or analog sensors, a microSD card for extended storage, and optional balun/antenna for wireless transmission. In the case of analog sensors, carefully chosen analog to digital converters are used to minimize analog circuit design and board layout.
A. Printed Circuit Board (PCB) and Design Rationale
A photo of the printed circuit board (PCB) that was designed and assembled is shown in Fig. 2(a) . The block diagram showing the details of the circuit and sensors is shown in Fig. 3 . A photo of electrodes being attached to the device and the device being worn on the chest is shown in Fig. 4 . We used the ATMEGA1284P microcontroller (Atmel Corporation, San Jose, CA) for its large memory (16KB SRAM, 128KB flash), plethora of connectivity options, and ultra-low power consumption (600 nA deep sleep current w/active crystal), with the optional addition of an off-the-shelf Bluetooth serial port profile module or I2C to USB module for debugging and/or telemetry. All sensors were accessed over the SPI or I2C bus of the microcontroller. The microSD card was accessed over SPI, as the microcontroller does not provide an SD stack. This allows SD card access without any licensing requirements as demonstrated earlier [24] . Additionally, GPIO pins were used as external interrupt triggers which allowed the microcontroller to enter a deep sleep state until woken up by the sensor. The microUSB was used for debugging purposes only. E1, E2, and E3 represent the three electrodes used for mounting the sensor on the body; SPI refers to serial peripheral interface; I2C is the inter-integrated circuit protocol; MicroSD is a micro secure digital card.
The on-board analog-to-digital converters (ADCs) were not used due to relatively high noise and low bit depth compared to external ADCs. In lieu of onboard ADCs, we chose sensors that either have a fully-digital interface, or an analog interface compatible with an external, delta-sigma A/D converter with adjustable gain and bandwidth built in. With this approach, the sensor, not the microcontroller, dictated the "tempo" of code execution.
For the ECG front-end, we used a dedicated analog-front-end (AFE) integrated circuit (IC) with on-board ADC (ADS1291, Texas Instruments, Dallas, TX), thus providing a fully-digital interface. This IC provides low-noise ECG amplification with high common-mode rejection and low power consumption. For the accelerometer, we selected the BMA280 (Bosch Sensortec GmbH, Reutlingen, Germany) due to its digital output, tiny footprint and low noise floor (120 ). For the pressure sensor, we used the MS5611-01BA03 (Measurement Specialties, Fremont, CA) because of its ultra-high resolution (0.065 mbar, corresponding to an altitude resolution of 10 cm), digital output, small size and low power consumption (1 at 1.8-3.6 V). Example three-axis SCG (dorso-ventral, , head-to-foot, , and lateral, ) and ECG waveforms collected with this circuit are shown in Fig. 2 
(b).
The cUSM system spends most of its time in deep sleep mode, where the CPU clock is shut off and internal peripherals shut down. During deep sleep, while an external 32.768 kHz "watch" crystal remains active with a counter, it does not have an overflow interrupt as is common in many applications. Instead, the sensor or sensor ADC contains its own clocking circuitry that can often be adjusted over the SPI or I2C bus from the microcontroller. Once a sampling rate is set, an external hardware interrupt is used to wake the microcontroller when the sensor has available data. Upon awakening, the "ground truth" time is recorded from the 32.768 kHz crystal's counter. This requires that the count increments (a multiple of the crystal's vibration period) are faster than the selected sampling period and that the crystal's counter overflow (256 times the count increment period for an 8-bit counter) occurs slower than the selected sampling period. Using such a scheme, a series of 8-bit integers are recorded, one per sample of the awakening sensor, and when loaded for post-processing, the integers can be unwrapped to reconstruct a time vector with a precision equal to the count increments.
The sensor data are placed in an internal cyclic memory buffer which can be quite large. If this buffer is full and microSD card is present, the microcontroller wakes the card and writes the buffer to the microSD. If this write process takes more time than the sampling period, it can be broken up without a loss of sampling rate [24] . The microcontroller then returns to sleep. This simple, cyclic-executive operating system allows for rapid code development, readily changeable update frequency, and nearly deterministic power consumption. It is depicted graphically in Fig. 2(c) . There is no USB stack or custom bootloader, just one .c file which can be tweaked to the exact specification required.
To obviate the need for complex filesystem processing on the microcontroller, we created a very simple file system that is fully compatible with any FAT16-capable device such as a cellular phone or PC. Dubbed oneFAT, our file system is simply a FAT16 file system with one file that takes up the entirety of the free space on the microSD card. From the perspective of the PC or phone, when the microSD card is inserted, any programming language capable of reading binary files can readily access the data by opening the one file.
From the perspective of the microcontroller, any byte address after the start of the file is accessible without any knowledge of a file system other than this single offset value. This offset is a fixed constant for a given SD card size. The microcontroller can then organize this one "file" in a way convenient to the application while minimizing embedded code complexity.
For example, if multiple recordings are desired, the microcontroller can store the last-written address to the "first" (with file offset) address of the microSD card. Then, upon power-up, the microcontroller would first load this last-written address then begin writing at the address immediately after it. This scheme places the burden of recording separation on the computer reading the file, meaning no external microcontroller filesystem library is required for oneFAT, conserving microcontroller code space and reducing the learning curve of the system.
B. System Specifications
We characterized the specifications of the system to determine: bandwidth and noise floor for each of the sensed parameters; power consumption; and battery life. The technical specifications are summarized in Table I . The specifications for the sensors are sufficient for enabling high quality recordings.
The total weight of the unit, including the battery, 3D-printed case, circuit board, and three gel electrodes is 38.2 g. The circuit board is 4.6 cm tall and 10.8 cm long; with the electrodes snapped on the thickness from the bottom of the electrodes to the top of the coin cell holder is 1.3 cm. The case adds 0.2 cm, making the total height with electrodes snapped in 1.5 cm.
Note that, because the device is attached to the skin, the temperature measurements cannot always be directly assumed to be , ) measured from a healthy subject performing several successive stair climbing exercises. After climbing each set of stairs, the subject stands still for two minutes to recover; during that period, the SCG signal RMS power recovers to the baseline value. The height of the stairs that were climbed, z, was derived from the pressure sensor output, P, using the barometric formula: , where R is the universal gas constant, T is ambient temperature, M is the molar mass of Earth's air, g is the acceleration due to gravity, and is the baseline pressure (prior to the altitude change). The duration of the inset is 2 minutes. representative of ambient temperature. Rather, they can be confounded by skin temperature. Accordingly, we recommend that the temperature measurements only be used to identify coarsely if the subject is in hot, mild, or cold climates when performing activities.
III. METHODS AND EVALUATION

A. Signal Processing, Interpretation and Visualization
The interpretation of SCG signals is still an open research topic that is under investigation; nevertheless, certain parameters of the SCG have been demonstrated to be relevant for hemodynamic assessment. Specifically, changes in the RMS power of the SCG, as with the BCG, are correlated to changes in cardiac output, as demonstrated in previous studies [3] , [25] , and the SCG provides information on cardiac timing intervals such as pre-ejection period (PEP) and left ventricular ejection time (LVET) [26] . The PEP is derived from the ECG Q-wave to SCG Ao (aortic valve opening) peak, and LVET from the SCG Ao to Ac (aortic valve closure) peaks [7] .
However, a major technical challenge impeding the extraction of these features from the SCG signal is motion artifact, associated with body movement or respiration. Our approach to extracting relevant information from the SCG signals involves pre-processing the SCG (and ECG) signals with linear filtering, detecting the R-wave peak timings from the ECG, and using these timings as a fiduciary for ensemble averaging the SCG. Then, from the ensemble averaged SCG, we extract features of interest such as RMS power and time intervals. For exercise recovery assessment, we segment the recovery time into 30-second windows with no overlap, each of which yields an ensemble averaged SCG waveform in the dorso-ventral (z) and head-to-foot (y) directions (the lateral (x) direction acceleration signal-to-noise ratio was not sufficient for analysis or interpretation in this work).
An example set of recordings from a subject performing stairclimbing exercises and recovering following the exercises is shown in Fig. 6 . This subject wore the wearable device on his chest at the sternum while climbing up 5 floors of stairs, then resting while standing still for three minutes, then repeating this three more times. All signals were recorded from the wearable during this experiment.
The ensemble average SCG heartbeats computed during the recovery period can then be stacked vertically, with slight offset between them, to visualize the changes in timing intervals, waveform shape, and wave amplitudes during the recovery period (see Fig. 6, bottom) .
To detect the changes in altitude (gradation) during the activity, the changes in barometric pressure are measured and input to the following barometric formula: (1) where z is the change in altitude, R is the universal gas constant, T is the ambient temperature, M is the molar mass of air on Earth, P is the final pressure reading, g is the acceleration due to gravity, and is the pressure reading before the activity. The temperature that is sensed by the wearable device is confounded by the skin temperature of the user, since the device is worn on the torso skin. Accordingly, the temperature measurement mainly reflects ambient temperature, but the accuracy is limited in particular during activity. We thus recommend that the temperature measurement simply be used to derive three levels of ambient temperature at which the activity was completed: high (T > 36 ), medium , and low . These values are chosen to segment the ambient temperature range based on physiological studies that characterized skin blood flow response, determining which ambient conditions led to greater stress on the cardiovascular system [27] .
B. Proof-of-Concept Recordings
We obtained approval from both the University of California, San Francisco and the Georgia Institute of Technology Institutional Review Boards (IRBs) to test the device on human subjects to perform an initial evaluation of signal quality and feasibility. The aim was to conduct preliminary studies to assess whether changes in hemodynamics could be captured by the device. Accordingly, we conducted the following as a proof-ofconcept of the system: examining the hemodynamics and cardiac time intervals in response to (1) walking at a pace of 6.4 km/hr (at 15.5 ) for 1 km with no incline; (2) walking at the same pace and duration with no incline outdoors on a warm day (at 32 ); (3) walking at a similar pace (5.5 km/hr) and duration (750 m) at a slight incline (115 m elevation) outdoors in cool temperature (18.5 ) . Additionally, as an unexpected result, one subject had multiple arrhythmias (premature ventricular contractions, PVCs) during the recordings; accordingly, the effects of these arrhythmias on the measurements are also presented and discussed.
While commercially available systems such as the Zephyr BioPatch (Zephyr Technology, Annapolis, MD) and the Basis B1 Watch (Basis Science, Inc., San Francisco, CA) monitor heart rate and body acceleration, they could potentially miss these subtler physiological responses that are captured by the SCG and pressure sensor. These physiological responses are well-known based on measurements in laboratory settings; thus our goal was simply to demonstrate a proof-of-concept that the measurements could also be taken with this device in the field, and that the results expected based on laboratory studies were mirrored in the results obtained with the wearable device.
IV. RESULTS AND DISCUSSION
A. Results from Proof-of-Concept Recordings
The results from the three exercise recovery recordings from a healthy subject are shown in Fig. 6 . For each of the three studies, the following is plotted (from top to bottom) during the recovery period: heart rate (HR, bpm), RMS power of the ensemble averaged (30 seconds) SCG in the dorso-ventral (top, ) and head-to-foot (bottom, ) directions, and ensemble average (30 seconds) SCG signals throughout the recovery period. The effects of the exercise on HR and hemodynamics were most pronounced in the third activity (walking uphill), and least in the first activity (walking on flat ground at a comfortable temperature). Importantly, the three different types of activities produced unique signatures in the ambient sensing on-board the system-the first activity showed that the subject was walking (based on the accelerometer tracings), that the altitude was not changing (based on the high resolution pressure sensor), and that ambient temperature was comfortable (based on the temperature sensor); the second showed walking, no change in altitude, and higher ambient temperature; the third showed walking, changes in altitude (precisely measured with the pressure sensor), and comfortable temperature.
Our expectation, based on laboratory studies from the existing literature, was that stroke volume and sympathetic tone would increase most for experiment (3) and least for experiment (1) , and take the longest time to recover to baseline for experiment (3) and shortest time to recovery for experiment (1) , and that our hardware would allow both the detection of which test was conducted and an assessment of the actual response. This was due to the fact that the hotter ambient temperature would create a lower gradient between skin temperature and ambient temperature, causing a greater demand for increased skin blood flow for thermoregulation [28] , [29] ; and that the incline would require higher work to complete the same walking activity. The subtle differential effects of these stressors, compared to the exercise itself, on the cardiovascular system would be most prominent in observing the mechanics of the heart's pumping and the vasculature: increased skin blood flow will lead to reduced cardiac filling, causing a greater compensatory increase in sympathetic tone in response to the same activity; additionally, increased work leads to greater heat generation in the skeletal muscles, and thus even higher skin blood flow.
The ability to measure these parameters provides the necessary context for examining and assessing the cardiovascular response to the activity appropriately. For example, if only acceleration signals were measured (and not altitude changes), then the response to the third activity may be seen as anomalous compared to the first: the subject's heart responds much more strongly to this activity in terms of HR and hemodynamics, but this is simply due to the fact that the walk is actually uphill. The system we describe here is, to the best of our knowledge, the first that combines this level of in-depth and multi-modal assessment of activity-contextualized electrophysiology (ECG) Fig. 7 . Ensemble averaged SCG waveforms in the dorso-ventral (z) and headto-foot (y) direction for normal (top) and PVC (bottom) heartbeats. Note the difference in y-axis scale for the normal and PVC beats. The time delay between the ECG R-wave and the first peak (MC) of the SCG is lengthened for the PVC beats, as is expected due to compromised contractility of the ventricle (reduced dP/dt). Interestingly, the y-direction SCG ensemble average morphology was affected more by the PVC than the z-direction, suggesting potential differences in physiological genesis for the two directions.
and hemodynamics (SCG) with both sufficiently small size and long battery life to enable long-term (multi-day) measurements. Fig. 7 shows ensemble averaged SCG waveforms in the dorso-ventral (z) and head-to-foot (y) direction for a healthy subject, with normal beats (top), and PVCs (bottom). Note the difference in the axis scale for the two types of beats, with the PVCs resulting in significantly lower amplitude SCG beats compared to the normal. This proof-of-concept data suggests that the system described in this paper provides sufficient sensitivity in the accelerometer recordings to discriminate between normal and arrhythmic beats in both the amplitude and time-domain for SCG signals.
B. Premature Ventricular Contractions (PVCs)
C. Limitations
The SCG signals measured by the patch represent inherently small (mg level) accelerations of the torso, which can be overwhelmed by motion artifacts and other interferences. For this reason, we have focused on exercise recovery rather than exercise itself as the medium for evaluating activity-contextualized hemodynamics. Nevertheless, if motion artifacts can be automatically detected and cancelled, then the hemodynamic response during exercise could be computed, which could potentially enhance the physiological assessment of the user. Another limitation is where the sensor can be placed on the body: currently, SCG signals are only well-understood when measured at the sternum or, in select studies, at the point of maximal inflection (PMI). However, these are not the most comfortable locations for the subject to wear the device, and are thus not ideal. Other related research we are currently conducting includes the investigation of ballistocardiogram (BCG) signal measurement with wearable accelerometers, at any position on the upper body [30] . If successful, this could greatly relax the positional constraints on the device, and allow more comfortable locations-such as the clavicle, or potentially the wrist with a smart watch-to be used with the system described here for wearable hemodynamic monitoring. Another limitation is that the human factors and usability aspects of the design have not yet been explored; this will be addressed in future work through focus groups and user surveys.
The primary limitation to the cUSM approach is the requirement of an engineering team-the cUSMs are not readily configured by a clinician. In situations where a small team is not available, a fully customizable solution such as SHIMMER can be configured by a clinician at the expense of power, sample rate, etc. as discussed in this work. As more devices are built using the cUSM platform, common denominators such as batteries, easy-to-interface sensors, etc. will yield simpler and quicker design cycles with smaller engineering teams.
This limitation aside, the cUSM architecture represents endto-end optimization of sensor data acquisition pipeline; from the flexibility in sensor selection, to the simplicity of the code structure, to the ultra-lightweight filesystem, every attempt was made to streamline the process of obtaining subject data in a clinical environment unsupervised by an engineer. With a growing shortage of physicians, an increase in the connectivity of devices, a greater emphasis is being placed on unobtrusive home monitoring of physiology. We believe cUSMs will catalyze future innovation in this area by rapidly assessing the clinical utility of various physiologically relevant signals, acting as a gateway to randomized controlled studies that determine tomorrow's standard of care.
V. CONCLUSION AND FUTURE WORK
In future work, we will design mechanical packaging to encapsulate the wearable PCB, providing a water-resistant seal. We will then take measurements from HF patients in clinic, and have the patients take the device home with them after discharge for continuous assessment during normal daily activities and sleep. Particular attention will be paid to the responses of the cardiovascular system to minute exercise triggers such as going up a flight of stairs. The data will be stored on the SD card, and a rechargeable battery will be used. This paper presents a novel combination of sensing modalities integrated on a low-power digital circuit architecture using discrete components. The design may address several technological gaps in the area of wearable technologies for health monitoring by combining electrical and mechanical measures of cardiovascular performance, with the necessary activity context based on high resolution pressure and acceleration data. We believe that such hardware can provide meaningful data regarding the condition of HF patients at home, and can be used in the future for improving the treatment of patients via closed-loop therapies and titration of care. 
